Quercetin has been proposed to exhibit numerous pharmacological benefits yet suffer low bioavailability due to the extremely low solubility. A research to study the impact of cocrystallization of quercetin with succinic acid on the solubility and dissolution profile has been performed. Cocrystallization in molar stoichiometry of 1:1 was carried out via liquid assisted grinding with methanol in ball milling apparatus. Cocrystal formation was identified by hot stage microscopy (HSM) at first, then cocrystal phase was characterized using differential thermal analysis (DTA), powder X-ray diffractometry (PXRD), scanning electron microscopy (SEM), and fourier-transform infrared (FT-IR) spectroscopy. Solubility and dissolution test were conducted as well. DTA thermogram exhibits new endothermic peak at 280.32C representing the melting point of cocrystal phase alongside with endothermic point of pure compounds. Powder X-ray diffractograms show new diffraction peaks on behalf of cocrystal formation at 2θ=8.92, 9.88, 13.04, 29.78, 35.21. FT-IR spectroscopy reveals band shifting in -OH group region. On SEM photographs, one can observe crystal habit of succinic acid being covered by crystal with different habit. This indicates that quercetin interacts with succinic acid only on the surfaces and causes imperfect formation of cocrystal phase. Cocrystallization quercetin improves solubility by 1.62 times higher and dissolution rate by 1.25 higher than pure quercetin (one-way ANOVA, p < 0.05).
INTRODUCTION
Cocrystal is a multicomponent crystalline consisting of two or more different components held by hydrogen bonding in well-defined stoichiometry ratio [1, 2] . In the recent pharmaceutical field, cocrystal engineering has been used as an alternative approach to modify solid phase of active pharmaceutical ingredient(s) (APIs) in order of improving API's physicochemical properties including solubility, dissolution rate, mechanical properties, hygroscopicity, physical and chemical stability. The term pharmaceutical cocrystal has been introduced then for the cocrystal formed between an API and a cocrystal former (coformer) and it has shown the advantages as compared to amorphous and salt modification [2] [3] [4] .
Cocrystal can be prepared using various techniques e.g. solution crystallization (solvent evaporation, antisolvent method), mechanical grinding (dry or liquid assisted), melt-extrusion, slurry, supercritical fluid, wet and dry compression [5, 6] . Grinding method is generally employed method to form cocrystal. It has been known to possess major advantages over the other techniques, including more environmentally friendly method for industrial scale production due to absence or small amount of solvent. The process is independent to temperature and formation of unwanted solvate can be avoided [6, 7] . Grinding with liquid assisting provides faster formation of cocrystal phase in greater degree of crystallinity than dry grinding. It has been determined to be the role of the liquid (solvent) to provide local saturated solution needed to form cocrystal phase [8] .
Quercetin (3,3',4',5,7-pentahydroxylflavone), a versatile molecule belongs to flavonoids subclass, has been well-known to have numerous pharmacological activities, including antioxidant, antiviral, anticancer, antimicrobial, antiinflammatory, cardioprotective, hepatoprotective, chemopreventive, and anticarcinogenic [9, 10] . Despite of the remarkable potential, quercetin suffers low bioavailability due to the extremely low aqueous solubility and the susceptibility to metabolic conjugation [11] .
Quercetin has five hydroxyl groups that can be both hydrogen donor and hydrogen acceptor as well as other two hydrogen acceptors those are aromatic cyclic oxygen and keto group. These groups are capable of hydrogen bonding with complementary groups from different molecule [12] . Therefore, cocystal engineering appears to be the most promising approach to improve quercetin properties [11] [12] [13] [14] . Succinic acid is frequently used as coformer in cocrystallization of API [14] [15] [16] [17] as it has two carboxylic groups at each end that can form hydrogen bond and is considered to be "generally recognized as safe" (GRAS) [17] .
In this research, cocrystal quercetin-succinic acid with stoichiometry 1:1 was prepared using liquid assisted grinding method. Cocrystal formation was identified with hot stage microscopy (HSM). Physical characterizations were performed using differential thermal analysis (DTA), powder X-ray diffractometry (PXRD), scanning electron microscopy (SEM), and fourier-transform infrared (FT-IR) spectroscopy. Solubility and dissolution profile were also reported.
METHODOLOGY

Materials
Quercetin was obtained from Tokyo Chemical Industry Co., Ltd., Japan (Lot No. 83N20) as monohydrate species and succinic acid was purchased from Merck, Austria. Other used materials were sodium lauryl sulphate, citric acid, sodium hydroxide, and pro-analytical methanol (from EMerck, Germany).
Identification of Cocrystal Formation
Cocrystal formation was identified using hot stage microscopy (HSM) instrumentation equipped with polarized microscope and hot stage. First, the higher melting compound quercetin was placed on microscope object glass and heated until the solid melted to occupy half the area under cover glass. After the melt had been solidified, the lower melting compound succinic acid was placed near to quercetin solid at the edge of cover glass. Then the sample was heated. As succinic acid melted, it was drawn under the cover glass and contacted with quercetin solid. The sample was allowed to cool. The area where two compounds contacted is called the mixing zone and it was observed under polarized microscope with magnification of 40.
Preparation of Quercetin-succinic Acid Physical Mixture
Physical mixture of quercetin and succinic acid was prepared by mixing homogenously the pure compounds which were weighed equimolarly according to 1:1 stoichiometry.
Preparation of Quercetin-Succinic Acid Cocrystal
Cocrystal of quercetin and succinic acid was prepared from liquid assisted grinding method. Ball milling apparatus with aluminium oxide balls and methanol as assisting liquid were used for this purpose. Each quercetin and succinic acid were weighed equimolarly. Both pure compounds, 20% (w/v) solvent methanol, and twelve balls were inserted into the grinding jar then it was closed tightly. Ball milling was set for thirty minutes running. The grinded solid was removed into vial covered by aluminium foil.
Differential Thermal Analysis (DTA)
Thermal analysis was performed by differential thermal analyser (Mettler Toledo FP 85, Switzerland). Sample weighed about 5 mg was heated in hermetically sealed aluminium pan with temperature range of 30-350ºC and heating rate of 10ºC/min.
Powder X-Ray Diffraction (PXRD)
Powder diffractograms were collected using Phillips X'Pert diffractometer, Netherland with CuK radiation (1.54 Å). Electricity condition was set at 40 kV and 30 mA. Each sample was placed and surface-flattened in the sample holder for scanning over 2θ range of 5-40º and step size 0.017º. The obtained diffractograms were compared between samples and analysed.
Fourier-Transform Infrared Spectroscopy (FT-IR)
FT-IR spectra were measured using Jasco 5300 FT-IR spectrometer, USA. Each sample was mixed homogeneously with potassium bromide powder. The mixture was compressed by hydraulic press to form transparent disc. The disc was placed on sample holder and shot by IR beam. Each spectrum was recorded from 4000 to 400 cm-1 .
Scanning Electron Microscopy (SEM)
Scanning electron-micrograph of each sample was captured using JEOL instrumentation, Japan. Sample was placed on the holder and coated with gold aluminium by thickness of 10 nm. Photomicrographs were taken at 600 and 1500 magnification in electricity condition of 20 kV and 12 mA.
Solubility Test
Solubility test was performed in citrate buffer pH 5.0+0.5 (prepared from citric acid and sodium hydroxide) and at temperature of 30+0.5ºC. Each sample weighed equivalent to 20 mg quercetin was suspended in 40 mL buffer solution and stirred using a magnetic stirrer at speed of 600 rpm for 3 hours. The final solution was filtered through 0.45 μm filter membrane. 4 mL filtered solution was taken to be spiked with 1 mL quercetin standard solution 10 ppm. The absorbance then was measured using UV-Vis spectrophotometry at the maximum wavelength of quercetin (336.95 nm). % solubility (w/v) was analysed statistically with one-way ANOVA =0.05.
In Vitro Dissolution Test
Dissolution test was conducted using USP II (paddle) apparatus in citrate buffer solution containing 2% sodium lauryl sulphate at temperature 37+/-0.5ºC. Sample was weighed equivalent to 20 mg quercetin and stirred in 100 rpm for 60 minutes. 5.0 mL sample was withdrawn at 5, 10, 15, 30, 45, and 60 minutes then filtered afterward through 0.45 filter membrane. Quercetin concentration was measured by UV-Vis spectrophotometry at the maximum wavelength for quercetin with aid of standard curve. The calculated data includes dissolved percentage (%) and dissolution efficiency within 60 minutes (DE60). Statistical analysis was calculated with one-way ANOVA =0.05.
RESULTS AND DISCUSSION
Identification of Cocrystal Formation
HSM is usually used in screening of interaction as it can identify phase behaviour of binary system in a function of temperature. Under polarized microscope observation, only crystalline phases will be visible because they direct the polarized light and they can exhibit different colour and intensity. Formation of new crystalline phase can lead to different crystal habit observed during experiment [18, 19] . HSM study resulted in distinctive crystal habit between quercetin and succinic acid as it is shown in Figure 1 (A and B,  respectively) . In the mixing zone ( Figure 1C ), a new crystal habit was observed ( Figure 1C, pointed by  arrow) . This result indicates cocrystal formation between quercetin and succinic acid. 
Differential Thermal Analysis (DTA)
Thermograms of pure compounds quercetin and succinic acid, and cocrystal phase were shown in Figure 2 . Quercetin exhibits two endothermic events: first peak ~120°C denotes dehydration process while second peak at 321.92°C represents melting point (Figure 2A) . The other hand, succinic acid exhibits only one individual endothermic peak at 187.87°C ( Figure 2B ). It is quite interesting to observe thermogram of cocrystal phase that shows all those three peaks with a new one at 280.32°C. This new peak belongs to different phase formed from interaction of quercetin and succinic acid, i.e. cocrystal formation. However, the peak is too broad to observe an endothermic event. Our concomitant liquid assisted grinding experiment using ethanol showed similar thermogram's pattern (without the peak of dehydration) and it clearly exhibited a new endothermic peak at 282,41°C (unpublished data). So, it can be concluded definitively that new crystalline phase has been formed which melts around 280°C. Appearance of peak of quercetin and succinic acid in the same thermogram suggests that the cocrystal phase formed incompletely. 
Powder X-Ray Diffractometry (PXRD)
Diffraction profiles were collected for pure compounds quercetin and succinic acid, physical mixture, and cocrystal phase. Comparison of each profile can be seen in Figure 3 . Quercetin shows specific strong peaks at 2θ=10.78, 12.43, 14.15, 27.41° ( Figure 3A) . Succinic acid has diffraction peaks at 2θ=16.02, 19.99, 26.10, 31.41, 32.40° ( Figure 3B ). Interferences of quercetin and succinic acid appear on diffractogram of physical mixture ( Figure 3C ). Cocrystal phase shows diffraction profile with six new peaks at 2θ=8.92, 9.88, 13.04, 29.78, 35.21° ( Figure  3D ). PXRD result indicates change in crystal lattice due to interaction between quercetin and succinic acid to form cocrystal. 
Fourier-Transform Infrared Spectroscopy (FT-IR)
IR spectra of quercetin, succinic acid, physical mixture, and cocrystal phase are shown in Figure 4 . Quercetin and succinic acid both have definite absorbance profile ( Figure 4A and B respectively). Physical mixture exhibits superimposed absorbance of quercetin and succinic acid ( Figure 4C ) as no interaction occurs between pure compounds [20, 21] . One can see band shifting in -OH group region in the spectrum of cocrystal phase ( Figure 4D ). -OH peak of quercetin shifted to 3430 cm -1 from its original position in 3411 cm -1 . Decrease in intensity of -OH group region is also observed (transmittance of 14% in quercetin's increased to 26% in cocrystal's spectra). Decrease in intensity, peak loss, and band shifting or appearance of new peak in IR observation characterize cocrystal formation [13, 22] . Band shifting in -OH group region is caused by change in hydrogen bonding in the cocrystal phase that hydroxyl group of quercetin is hydrogen-bonded to carboxylic group of succinic acid. This prediction comes along with structural image drawn using Chem3D® Pro 12.0 ( Figure 5 ). Total energy bonding of cocrystal structure was calculated as -3.7767 kcal/mol. It is predicted that cocrystal phase has lower potential energy (negative value) which is thermodynamically more stable and tends to form. However, this predicted structure may unable to pack in ordered crystalline structure as this prediction does not consider hydrogen bonding competition amongst functional groups of each component (5). 
Scanning Electron Microscopy (SEM)
Crystal morphology of each sample can be seen in Figure 6 . Micrograph of succinic acid was taken at magnification of 600 while the other two at 1500. It was due to enormous size of succinic acid's crystal that the habit cannot be observed clearly in higher magnification. Photograph of quercetin shows columnar habit in large range of particle size ( Figure  6A ) which agrees with previously reported result [23, 24] . Succinic acid has layered shape ( Figure 6B ). SEM analysis on cocrystal phase resulted in change in morphology of both pure compounds ( Figure 6C) . One can see a crystal having the habit of succinic acid covered in smaller crystals with different habit and the habit of quercetin isn't observed at all. It is likely that succinic acid retains its habit but quercetin losses the previous habit to form the new one in the surface of succinic acid crystal.
In liquid assisted grinding method, grinding leads to cocrystallization by generating amorphous solid and the liquid (solvent) extends the interaction by dissolving the solid to facilitate molecular diffusion [25, 26] . However, limited amount of solvent may impact the process that does not proceed completely as it is seen in the SEM micrographs that interaction between quercetin and succinic acid only occur in the interface.
Solubility Test
Solubility test was conducted at pH 5 using buffer citrate due to quercetin instability in solution with pH under 5 (rapidly degraded) [27, 28] . The standard curve was prepared beforehand, and the regression line obtained was y = 0.0664x + 0.0125 with correlation coefficient of 0.9997. Absorbance measured in the test was too low (less than 0.1) to comply accuracy parameter in UV-Vis spectrophotometry measurement. So, each sample was spiked with quercetin standard solution. Result of solubility test for quercetin, physical mixture, and cocrystal phase (the mean of triplicate measurements) were 0.94+/-0.02; 1.22+/-0.02; and 1.57+/-0.04 (x10 -4 % w/v) respectively.
Physical mixture shows higher solubility than pure quercetin. It can be explained that quercetin is dispersed in succinic acid which the latter has better aqueous solubility. However, as no interaction occurs in physical mixture, increase in solubility is not as significant as in cocrystal phase that involved noncovalent interaction between different molecules. Cocrystal formation for quercetin has been known to improve the solubility in water [11, 12] . Cocrystal formation can generate lattice that has lower bonding energy than the previous one and can improve affinity of API with solvent that make cocrystal phase of quercetin having higher solubility in water [13, 29] .
In Vitro Dissolution Test
Surfactant sodium lauryl sulphate was used in dissolution test to improve solubility and wettability of API by lowering surface tension between solid and liquid phase so that sink condition can be achieved. Surfactant used in dissolution test imitates bile acid in the gastrointestinal tract that acts as surfactant to facilitate diffusion and transport of the solute [30] . Figure 7 shows dissolution profile of quercetin, physical mixture, and cocrystal phase. Physical mixture and cocrystal phase exhibit improved dissolution rate compared to pure quercetin, respectively 1.02 and 1.25 higher. This improvement is related to higher solubility shown by physical mixture and cocrystal phase (previous section). According to Noyes-Whitney equation, dissolution rate will increase if saturated concentration is increased [31] .
CONCLUSION
In this research, quercetin has been confirmed to form cocrystal with succinic acid via liquid assisted grinding, however, incompletely. Formation of cocrystal leads to different physicochemical properties.
Cocrystal phase exhibits new endothermic peak and diffraction peaks in DTA and PXRD study, respectively. IR spectra shows band shifting in -OH group region and SEM study results in different crystal morphology. Cocrystal of quercetinsuccinic acid has been known to slightly improve aqueous solubility and dissolution rate of quercetin.
